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Abstract–We determined the abundances and enantiomeric compositions of amino acids in
Sutter’s Mill fragment #2 (designated SM2) recovered prior to heavy rains that fell April
25–26, 2012, and two other meteorite fragments, SM12 and SM51, that were recovered
postrain. We also determined the abundance, enantiomeric, and isotopic compositions of
amino acids in soil from the recovery site of fragment SM51. The three meteorite stones
experienced terrestrial amino acid contamination, as evidenced by the low D/L ratios of
several proteinogenic amino acids. The D/L ratios were higher in SM2 than in SM12 and
SM51, consistent with rain introducing additional L-amino acid contaminants to SM12 and
SM51. Higher percentages of glycine, b-alanine, and c-amino-n-butyric acid were observed
in free form in SM2 and SM51 compared with the soil, suggesting that these free amino
acids may be indigenous. Trace levels of D+L-b-aminoisobutyric acid (b-AIB) observed in all
three meteorites are not easily explained as terrestrial contamination, as b-AIB is rare on
Earth and was not detected in the soil. Bulk carbon and nitrogen and isotopic ratios of the
SM samples and the soil also indicate terrestrial contamination, as does compound-specific
isotopic analysis of the amino acids in the soil. The amino acid abundances in SM2,
the most pristine SM meteorite analyzed here, are approximately 20-fold lower than in the
Murchison CM2 carbonaceous chondrite. This may be due to thermal metamorphism in the
Sutter’s Mill parent body at temperatures greater than observed for other aqueously altered
CM2 meteorites.

chondrites (Jenniskens et al. 2012). In general, CM2
carbonaceous chondrites are very rich in soluble
organics, and have been found to contain a diverse suite
of soluble organic compounds, including hydrocarbons
(Kvenvolden et al. 1970; Cronin and Pizzarello 1990);
alcohols (Jungclaus et al. 1976), carboxylic acids (Yuen
and Kvenvolden 1973; Cronin et al. 1993), amino acids
(Kvenvolden et al. 1970; Cronin and Moore 1971),
hydroxy acids (Peltzer and Bada 1978; Pizzarello et al.
2010), and sugar acids (Cooper et al. 2001); and
nucleobases (Vandervelden and Schwartz 1977; Martins
et al. 2008; Callahan et al. 2011).
The amino acid compositions of a variety of
carbonaceous chondrites, in particular the CMs, have
been studied extensively because these prebiotic

INTRODUCTION
The fall of the Sutter’s Mill (SM) meteorites was
observed on April 22nd, 2012 (Jenniskens et al. 2012).
Detection of the falling meteorites by Doppler weather
radar enabled a quick recovery of three stones prior to
an impending rainstorm (SM1–SM3). Over the course
of the next few months, 74 additional stones were
collected (SM4–SM78; one stone recovered and
originally designated SM5 was not a meteorite), totaling
nearly 1 kg of recovered mass. On the basis of
petrography, whole-rock chemistry, O, Os, and Cr
isotopic compositions, and evidence of varying degrees
of aqueous and thermal metamorphism, the SM
meteorites were classified as CM2 carbonaceous
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molecules are essential components of life as the
monomers of proteins. Measurements of the abundances
and enantiomeric and isotopic compositions of amino
acids in meteorites have yielded valuable insights into the
parent body chemistry that produces these compounds,
as well as informing us about the degree of terrestrial
contamination that a meteorite has experienced (Burton
et al. [2012b] and references therein).
With the extensive catalog of amino acid research on
CM2 carbonaceous chondrites in mind, we determined
the amino acid contents of three Sutter’s Mill meteorites,
SM2, SM12, and SM51, for comparison with similar
data we previously obtained on a variety of CM
carbonaceous chondrites, as well as CR, CI, CV, CO,
CH, and CB carbonaceous chondrites that span
alteration types 1–3 and the C2 (ungrouped) Tagish Lake
meteorite (Glavin et al. 2010b, 2012; Herd et al. 2011;
Burton et al. 2012a, 2013; Elsila et al. 2012a). The amino
acid
abundance
and
enantiomeric
composition
measurements were made by ultrahigh-performance
liquid chromatography with UV-fluorescence detection
and time-of-flight mass spectrometry (LC-FD/ToF-MS).
In addition, we performed similar analyses on a sample
of terrestrial soil collected near the recovery site of
SM51. The high abundances of several amino acids in
the soil sample also permitted us to measure their
compound-specific d13C and d15N values by gas
chromatography with mass spectrometry and isotope
ratio mass spectrometry (GC-MS/IRMS). Finally, we
performed bulk carbon and nitrogen analyses of the
three SM samples and the recovered soil using elemental
analysis-isotope ratio mass spectrometry (EA-IRMS).
The results are presented herein.
MATERIALS AND METHODS
Chemicals and Reagents
To remove organic residue, sample-handling tools,
porcelain mortars and pestles (CoorsTek), and
glassware were all rinsed with Millipore Milli-Q Integral
10 (18.2 MΩ, <3 parts-per-billion [ppb] total organic
carbon) ultrapure water (hereafter “water”), wrapped in
aluminum foil, and heated in air at 500 °C for 18–24 h
(hereafter “clean”). Chemicals used in this study were
purchased from Fisher Scientific, Sigma-Aldrich, or
Acros Organics. Details on the sources of specific
acyclic aliphatic five-carbon (C5) mono-amino monoacids used as standards were published previously
(Glavin and Dworkin 2009). To prepare standard
solutions for LC-FD/ToF-MS analysis, individual
compounds were dissolved in water and then combined
to
enable
their
measurement
in
a
single
chromatographic separation. Solutions of sodium borate

were prepared from solid sodium tetraborate powder
(Sigma Ultra 99.5–100% purity) that had been
pyrolyzed in air at 500 °C for 3 h to remove any
organic contaminants prior to dissolution in water. All
other solutions were prepared as described by Glavin
et al. (2006).
Meteorite Samples and Controls
For this study, we analyzed three fragments of the
Sutter’s Mill meteorite, SM2 (146.1 mg), SM12
(167.1 mg), and SM51 (106.7 mg), as well as a soil
sample (189.1 mg) collected at the recovery site of
SM51 in Coloma, California. For comparison, we also
extracted a sample of the Murchison meteorite
(126.8 mg, USNM5453). Prerain SM2 fell on an asphalt
surface at a parking lot and experienced postfall
fracturing. It was collected with unsterilized aluminum
foil. Postrain SM12 (fully crusted) was recovered stuck
with its narrow side a few mm in muddy soil in a horse
pasture. After brief handling, this sample was also
collected in unsterilized aluminum foil. Both SM2 and
SM12 were stored in a freezer, wrapped in foil, in a
clean jar with inorganic desiccant. SM51 was handled
by the finder.
Meteorite fragments were crushed into a powder
using a clean mortar and pestle in a Class 100 laminar
flow hood (AirClean Systems) under HEPA-filtered
positive pressure. Procedural blanks and serpentine
control samples (170.0 mg, processed with SM2; and
126.7 mg, processed with SM12 and SM51) that had
been heated in air at 500 °C for 3 h prior to extraction
were processed in parallel with the meteorite samples.
Extraction Procedures and Analytical Techniques
The powdered meteorite samples and controls were
flame-sealed in clean glass ampoules with 1 mL of water
and the sealed ampoules placed inside an oven set at
100 °C. After the 24 h extraction, the tubes were cooled
and centrifuged at approximately 1700 RPM under
ambient pressure for 5 min (Labconco Centrivap) to
separate solid particulate matter from the water
supernatant. Half of the water extract was dried under
vacuum and subjected to acid-vapor hydrolysis
(6 M HCl) at 150 °C for 3 h to liberate amino acids in
bound or precursor forms. The remaining unhydrolyzed
water extract (containing free amino acids only) and the
HCl-hydrolyzed extract (containing free and acid labile
amino acids) were dried separately under vacuum
(Labconco Centrivap) and redissolved in 1 mL of water.
Both HCl-hydrolyzed and unhydrolyzed extracts were
desalted by cation exchange chromatography using
prepacked columns from BioRad (AG-50W X8 resin,
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Fig. 1. Representative liquid chromatography-mass spectrometry chromatograms for the acid-hydrolyzed meteorite and soil
samples analyzed in this study. Single-ion chromatograms are shown for the C2, C3, C4, and C5 primary, aliphatic, acyclic
amino acids (derivatized positive ionization mass-to-charge ratios of 337.0859, 351.1015, 365.1171, and 379.1328, respectively).
The masses plotted represent an approximately 0.07 Da window (the peak width at half maximum) centered around the
corresponding theoretical mono-isotopic masses of the mono-protonated positive ions of C2–C5 OPA/NAC amino acid
derivatives and are all set to the same scale; in the C4 and C5 traces, peaks have been scaled by the factors given after each
sample name. Chromatograms of Murchison, an aqueously altered CM2 carbonaceous chondrite, have been included for
comparison. Peak numbers correspond to amino acid assignments in Table 1; the “X” denotes a nonfluorescent (nonamino acid)
contaminant. Similar chromatograms were obtained for the nonhydrolyzed fractions. The chromatographic conditions were
column temperature, 30 °C; flow rate, 150 lL min 11; solvent A (50 mM ammonium formate, 8% methanol, pH 8.0); solvent B
(methanol). The following gradient was used: gradient, time in minutes (%B): 0 (0), 35 (55), 45 (100).

100–200 mesh), and their NH4OH eluates derivatized
with o-phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC)
prior to LC-FD/ToF-MS analysis as previously described
(Glavin et al. 2006). An internal standard (D,L-norleucine)
was added to each sample immediately prior to desalting
to estimate the desalting and derivatization recovery of
amino acids in each sample. These values were used to
correct for the reported amino acid abundances in
Table 1.
OPA/NAC amino acid derivatives were analyzed by
LC-FD/ToF-MS using a Waters ACQUITY ultrahighperformance liquid chromatograph and a Waters
ACQUITY fluorescence detector connected in series to
a Waters LCT Premier ToF-MS. OPA/NAC derivatives
were separated using a Waters BEH C18 column
(2.1 9 50 mm, 1.7 lm particle size) followed by a
Waters BEH phenyl column (2.1 9 150 mm, 1.7 lm
particle size) with gradients optimized for C2–C4 amino
acid analysis (Glavin et al. 2010b) or focusing on
separation of the C5 amino acids and enantiomers only
(Glavin and Dworkin 2009) as previously described.

The electrospray and mass spectrometer conditions have
been described by (Glavin et al. 2006). As in related
studies, amino acids in the meteorite and control
samples were identified by correlating sample
compounds with known amino acid standards using the
masses of the OPA/NAC amino acid derivatives and
chromatographic retention times using both mass and
fluorescence detection, as shown in Fig. 1.
Terrestrial Amino Acid Carbon and Nitrogen Isotopic
Measurements by GC-MS/IRMS
Several amino acids in the soil were sufficiently
abundant to permit determination of their compoundspecific 13C/12C and 15N/14N ratios. Compound-specific
isotopic analyses of amino acids in the SM meteorite
samples were not possible due to low abundances.
Roughly 10% of the SM51 recovery site soil extract was
used for LC-FD/ToF-MS analysis and the remaining
90% was used for GC-MS/IRMS. Due to differences in
sensitivity for nitrogen and carbon as well as the lower

acid (D-Asp)
L-Aspartic
acid (L-Asp)
D-Glutamic
acid (D-Glu)
L-Glutamic
acid (L-Glu)
D-Serine
(D-Ser)
L-Serine
(L-Ser)
Glycine
(Gly; 1)
D-Threonine
(D-Thr)
L-Threonine
(L-Thr)
b-Alanine
(b -Ala; 2)
c-amino-nbutyric acid
(c-ABA; 5)
D-Alanine
(D-Ala; 3)
L-Alanine
(L-Ala; 4)
D-b-aminon-butyric
acid (Db-ABA; 7)
L-b-amino-nbutyric acid
(L-b-ABA; 7)
a-aminoisobutyric
acid (a-AIB; 8)

D-Aspartic

Amino acid

b

0.44  0.04
0.20  0.05
0.76  0.02
0.05  0.01
1.06  0.11
2.26  0.27
<0.07
<0.07
0.51  0.18
0.06  0.03
0.21  0.18
0.39  0.08
<0.05

<0.05
<0.05

<0.01

0.03  0.01

<0.03

<0.03

0.96  0.19

<0.03

<0.03

0.21  0.12

0.03  0.01

<0.02

<0.02

<0.02

<0.02

<0.02

0.20  0.04

0.10  0.08

0.12  0.01

Total

Free

SM2

<0.02

<0.02

<0.02

0.07  0.01

0.03  0.03

0.02  0.01

0.03  0.01

<0.03

<0.03

0.04  0.01

0.08  0.03

0.02  0.02

0.05  0.01

0.01  0.01

0.02  0.01

0.02  0.01

Free

SM12

<0.02

0.02  0.01

0.02  0.01

1.20  0.15

0.19  0.03

0.38  0.30

0.53  0.04

0.66  0.08

<0.03

2.96  0.76

1.57  0.02

0.04  0.01

2.78  0.16

0.46  0.03

0.92  0.11

0.24  0.05

Total

0.11  0.03

0.03  0.02

0.04  0.02

4.44  0.34

0.42  0.11

5.70  1.27

1.22  0.08

1.20  0.11

<0.04

3.72  0.39

1.71  0.07

0.27  0.04

2.70  0.16

0.57  0.05

4.27  0.40

0.31  0.09

Free

SM51

<0.03

0.03  0.01

0.03  0.01

8.00  1.74

1.13  0.12

5.98  1.74

2.04  0.33

5.83  0.81

0.07  0.00

12.8  3.1

8.73  1.67

0.44  0.05

16.5  5.7

3.18  0.49

8.48  1.08

2.27  0.14

Total

0.89  0.54

0.95  0.51

0.82  0.34

100  21

12.6  1.1

22.2  3.9

28.6  3.9

27.2  10.1

<0.01

111  20

72.3  32.6

3.9  1.4

54.1  9.8

11.8  2.7

55.2  15.9

8.6  4.6

Free

Soil

8.7  6.7

1.1  0.64

1.1  0.06

671  173

121  20

65.8  10.9

140  27

246  93

0.22  0.20

624  189

213  22

35.9  5.0

360  58

100  12

420  42

133  22

Total

51.1  13.9

2.42  0.62

0.76  0.10

4.89  1.34

4.74  1.02

2.42  0.62

6.12  1.29

nd

nd

13.2  2.7

0.29  0.12

0.20  0.04

0.40  0.12

0.21  0.02

0.35  0.05

0.20  0.03

Free

Murchison

56.4  2.4

9.5  1.7

2.2  0.2

10.5  2.1

9.4  1.7

9.5  1.7

15.5  3.3

nd

nd

30.1  6.3

1.2  0.2

0.60  0.12

4.7  0.7

3.6  0.5

2.5  0.3

1.1  0.2

Total

Table 1. Summary of the average abundances (in nmol g 1) of identified two- to six-carbon amino acids in the nonhydrolyzed (free) and 6
M HCl-hydrolyzed (total = free + bound) hot water extracts of three different fragments of the Sutter’s Mill meteorite, a terrestrial soil sample
from the recovery site of SM51, and the Murchison meteorite measured by LC-FD/TOF-MSa. Numbers in parentheses following compound
abbreviations correspond to labeled peaks in Fig. 1.
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~0.06c
0.74  0.20
<0.10
0.32  0.09
7.8  0.5

<0.02

0.02  0.01

<0.03
<0.03
1.9  0.2
24%

<0.03

<0.02
<0.07
<0.05
<0.02

~0.02d

<0.02

<0.02
<0.02
<0.01

Total

Free

SM2

<0.03
<0.04
0.7  0.1
5%

0.03  0.03

<0.03

<0.03
<0.03
<0.03

<0.02

0.14  0.08
0.90  0.05
14.7  1.1

1.50  0.65

0.06  0.03

<0.03
<0.03
<0.02

0.01  0.01

Total
~0.02d

Free
<0.04

SM12

0.33  0.19
1.88  0.30
29.3  1.5
34%

0.11  0.02

0.05  0.01

<0.03
<0.04
<0.04

0.05  0.02

<0.04

Free

SM51

0.38  0.08
7.10  1.43
85.1  7.4

1.65  0.55

0.13  0.05

<0.03
<0.04
<0.03

0.21  0.16

~0.04d

Total

4.4  4.1
29.1  2.4
570  50
16%

3.0  1.9

3.0  0.64

1.2  0.8
0.2  0.1
0.05  0.04

<0.01

<0.01

Free

Soil

11.4  0.4
304  104
3,550  300

5.2  1.0

13.5  1.8

9.4  3.9
1.9  1.0
0.04  0.03

5.4  4.0

<0.01

Total

nd

0.71  0.17
1.17  0.24
152  17
63%

0.83  0.19

nd

27.2  6.2
33.2  6.8
nd

1.95  0.64

Free

Murchison

2.0  0.6
3.9  0.7
241  11

5.0  1.7

2.9  0.5e

30.8  4.1
35.6  5.3
1.7  0.1e

7.2  0.6

nd

Total

Sutter’s Mill meteorite fragments and terrestrial soil from the fall location of SM51 were analyzed by OPA/NAC derivatization (15 min) and UPLC separation with UV fluorescence
and time-of-flight mass spectrometry (TOF-MS) detection. For the LC-FD/TOF-MS data, the fluorescence peaks and the mono-isotopic masses of each protonated OPA/NAC amino
acid derivative (M + H+) were used for quantification and final peak integrations included background level correction using a procedural blank and a comparison of the peak areas
with those of an amino acid standard run on the same day. The final values were normalized using the desalting and derivatization recoveries of an internal D,L-norleucine standard
(recoveries ranged from 60 to 100% for the meteorite extracts). The uncertainties (dx) are based on the standard deviation of the average value of three separate measurements (n)
with a standard error, dx = rx  (n 1) 1/2. nd = not determined.
b
Abbreviations used in the text are given in parentheses.
c
Enantiomers could not be separated under the chromatographic conditions.
d
Tentatively detected above blank levels.
e
Values from Glavin et al. (2010b).

a

acid (a-ABA; 9)
D-isovaline (D-Iva; 12)
L-isovaline (L-Iva; 13)
3-amino-2,2dimethylpropanoic
acid (3-A-2,2DMPA; 10)
d-amino-n-valeric
acid (d-AVA; 11)
e-amino-n-caproic
acid (e-ACA)
D-Valine (D-Val; 15)
L-Valine (L-Val; 14)
Total amino acids
% free

DL-a-amino-n-butyric
c

DL-b-aminoisobutyric
acidc (D,L-b-AIB; 6)

Amino acid

b

Table 1. Continued. Summary of the average abundances (in nmol g 1) of identified two- to six-carbon amino acids in the nonhydrolyzed (free)
and 6 M HCl-hydrolyzed (total = free + bound) hot water extracts of three different fragments of the Sutter’s Mill meteorite, a terrestrial soil
sample from the recovery site of SM51, and the Murchison meteorite measured by LC-FD/TOF-MSa. Numbers in parentheses following
compound abbreviations correspond to labeled peaks in Fig. 1.
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relative abundance of nitrogen to carbon in amino
acids, approximately 80% of the fraction allocated for
GC-MS/IRMS analysis was used for the 15N/14N
measurements, and the balance used for 13C/12C
measurements. The extract was dried under vacuum
(Labconco CentriVap), esterified with isopropanol, and
the isopropyl esters reacted with trifluoroacetic
anhydride (TFAA) using established methods (Elsila
et al. 2009). The TFAA/IPA amino acid derivatives
were dissolved in 5 lL of ethyl acetate (Fisher
Chemical, Optima Grade).
The d13C values of the TFAA/isopropanolderivatized samples were measured by GC-MS/IRMS,
with triplicate injections of 1 lL aliquots of derivatized
extracts into a Thermo Trace GC outfitted with a 5 m
base-deactivated fused silica guard column (Restek,
0.25 mm ID) and four 25 m Chirasil L-Val columns
(Varian, 0.25 mm ID) connected using Press-Tight
connectors (Restek). The GC conditions are previously
described (Elsila et al. 2011). The GC output is split,
with approximately 10% directed into a Thermo DSQII
electron-impact quadrupole mass spectrometer that
provides mass and structural information for each
eluting peak. The remaining approximately 90% passes
through a Thermo GC-C III interface, where eluting
compounds are oxidized and reduced to carbon dioxide
and nitrogen gas, which then pass into a Thermo MAT
253 isotope ratio mass spectrometer (IRMS) for d13C or
d15N measurement. For d15N analysis, a liquid nitrogen
trap is used to remove CO2 from the gas stream prior
to entry into the IRMS.
Standard solutions of amino acids were used to
verify compound identification. Isotopic values were
calibrated with working standards of L-alanine, CO2,
and N2 as described previously (Elsila et al. 2012a).
The d13C values of the underivatized amino acid
standards were measured on a Costech ECS 4010
combustion elemental analyzer (EA) connected through
a Thermo Conflo III interface to the IRMS to allow
correction of the carbon added by the derivatization
process; the final d13C values of the amino acids in the
samples and their precision were calculated as described
elsewhere (Elsila et al. 2012a). Isotopic values are
reported only for those peaks in which no coelutions
were detected, as indicated by the absence of additional
mass fragments in the sample compared with the
standard (Fig. 2).
Bulk Material Isotopic Measurements
We measured bulk d13C and d15N values for the
three SM samples and the SM51 recovery site soil
sample by EA-IRMS. For the soil, three aliquots
(7–8.5 mg) were weighed in separate tin cups and

analyzed on the EA-IRMS as described previously for
the SM samples (Jenniskens et al. 2012). An Lalanine standard of known isotopic composition
(d13C = 23.33&, d15N = 5.56&, Iso-Analytical) was
used to calibrate the bulk isotopic values measured
for the meteorite sample. Errors are standard
deviations for triplicate measurements. Carbon and
nitrogen abundances were calculated by comparison of
peak areas from the meteorite data with calibration
curves of peak areas from known quantities of
acetanilide.
RESULTS AND DISCUSSION
Amino Acid Analyses
We searched for a suite of several proteinogenic
amino acids and simple, two- to five-carbon acyclic
mono-amino alkanoic and alkanedioic acids (their
names, abbreviations, and abundances are given in
Table 1). For chiral (handed) amino acids, we have
reported the abundances of individual enantiomers where
sufficient chromatographic separation was achieved;
representative chromatograms for these analyses are
given in Fig. 1. In general, the presence of a relatively
high abundance (>40%) of free amino acids compared
with the total abundance is common for indigenous
amino acids in CM and CR chondrites (Glavin et al.
2006; Botta et al. 2007; Pizzarello et al. 2008), in contrast
with amino acids from terrestrial sources that are
typically bound as proteins and therefore have a much
lower ratio of free to total amino acids. The SM
meteorites contained a much lower percentage of free
amino acids than the Murchison meteorite, a CM2
chondrite known to contain indigenous amino acids.
Free amino acids ranged from 5% to 34% of the total
amino acids in the SM samples compared to 63% for the
Murchison sample and 16% for the soil sample. This
implies that terrestrial contamination of the Sutter’s Mill
meteorites has occurred, particularly for SM12, which
has just 5% of its amino acids present as free
compounds. However, elevated free abundances of the
individual amino acids Gly and b-Ala in SM2 and SM51
are more similar to the relative free amino acid
abundances observed in Murchison than to the
abundances in the local soil (Table 2), suggesting that
there could be an extraterrestrial contribution.
Confirmation of the indigenous nature of these amino
acids might be achieved through compound-specific
isotope
ratio
measurements;
however,
these
measurements generally require relatively large amounts
of sample that are not currently feasible. For example,
current technology requires approximately 1 nmol of a
given amino acid for d13C measurements, approximately
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Fig. 2. Gas chromatography separation and mass spectrometry analysis of D- and L-serine in the TFAA/IPA-derivatized
hydrolyzed extract of the Sutter’s Mill soil, the procedural blank, and a standard. The bottom trace show the m/z 44 (12CO2)
peak produced and measured from GC-IRMS for the peaks assigned to D- and L-serine. The upper inset traces show the
simultaneously collected mass spectral fragmentation pattern for these peaks in the soil and standard. The D-serine mass
spectrum clearly reveals the presence of a coeluting compound with mass fragment 182, preventing isotopic analysis.

3 nmol for dD measurements, and approximately 6 nmol
for d15N. In the case of SM2, approximately 0.5 g (of
4.0 g in total recovered) would need to be extracted to
get 1 nmol of glycine, the most abundant amino acid in
SM2. Fortunately, there are other indicators that can
help address the indigenous nature of amino acids
extracted from the SM meteorites.

The chiral distribution of amino acids commonly
found in biology can also help us assess whether these
compounds are indigenous to the meteorite or are the
result of terrestrial contamination. Biology shows a
strong preference for L-amino acids because D-amino
acids are not used in proteins. In contrast, abiotic
amino acid–forming reactions produce roughly equal
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Table 2. Free-to-total
ratios
extraterrestrial amino acids.

of

potentially

Amino
acid

SM2
(%)

SM12
(%)

SM51
(%)

Murchison
(%)

Soil
(%)

Gly
b-Ala
c-ABA

42
41
50

1
6
11

29
61
95

44
39
26

18
20
34

amounts of D- and L-amino acids. As a result, the D/L
ratio of proteinogenic amino acids extracted from
meteorites provides a qualitative indication of the extent
of terrestrial contamination that a meteorite has
experienced; values of approximately 1 indicate an
essentially uncontaminated sample and, in the absence
of compelling evidence to the contrary, values less than
1 suggest increasing contamination. In the case of the
Sutter’s Mill meteorites analyzed here, the D/L ratios for
Asp, Glu, Ser, Thr, Ala, and Val are all generally very
low, ranging from 0.02 to 0.54, compared to 0.44–0.87
for these same amino acids in the Murchison meteorite
(Table 3). For both SM12 and SM51, the D/L ratios are
virtually indistinguishable from the corresponding
amino acids in the recovery site soil. We note that these
two meteorite stones were recovered a week and
10 days postfall, respectively, after a period of heavy
rains (Jenniskens et al. 2012). The D/L ratios for SM2,
which was found in a parking lot 2 days after the fall,
prior to the rain, and collected with aluminum foil to
minimize contamination, are higher, particularly for
Asp and Ala, suggesting that this stone experienced less
contamination than did SM12 and SM51. Taken
together, the amino acid data suggest that the rain
played a role in the increased levels of terrestrial
contamination observed in SM12 and SM51. This
hypothesis is further supported by the increase in total
amino acids among the three meteorites that is
positively correlated with the amount of time they spent
on the ground prior to recovery. The elevated D/L ratios
for some proteinogenic amino acids in SM2 above the
levels of the soil suggest that at least some fraction of
these compounds could be indigenous to the meteorite.
We should point out that there are cases where
proteinogenic amino acids with L-excesses in meteorites
have been classified as indigenous: we recently reported
an indigenous L-excess of 45–59% for aspartic acid in
the Tagish Lake meteorite based on indistinguishable
d13C isotopic values for D- and L-aspartic acid that were
unambiguously extraterrestrial (Glavin et al. 2012); and
Pizzarello and coworkers concluded that L-isoleucine
excesses were indigenous in a suite of 8 CR chondrites
based on experimental and theoretical considerations
(Elsila et al. 2012b; Pizzarello and Monroe 2012;
Pizzarello et al. 2012). In the absence of compelling

evidence (e.g., compound-specific isotopic data) in
support of an extraterrestrial origin for the
proteinogenic amino acids in the Sutter’s Mill
meteorites, however, the most straightforward
interpretation of the D/L ratios is that the proteinogenic
amino acids are the result of terrestrial contamination.
Unfortunately, as discussed above, confirmation of the
indigenous nature of these compounds through
compound-specific isotope ratio measurements would
require sample masses not currently available for these
types of analysis.
Another useful indicator that a meteorite contains
indigenous amino acids is the presence of compounds
that are not commonly found in the terrestrial biosphere,
as many of these compounds can be observed even in the
presence of terrestrial contamination. For example,
comparing the C4 and C5 traces for the Murchison
meteorite and the soil sample in Fig. 1 reveals a number
of peaks corresponding to amino acids known to be
extraterrestrial in origin in the Murchison sample that are
not present in the soil. Thus, many indigenous
compounds, if present, could still be identified in a
contaminated sample despite the overprint of terrestrial
amino acids. Trace levels of b-aminoisobutyric acid (DLb-AIB; 0.02–0.04 nmol g 1) were identified above
background in all three acid-hydrolyzed hot water
extracts of Sutter’s Mill (Table 1), while b-AIB was not
found in the terrestrial soil sample above 0.01 nmol g 1.
As b-AIB is rare on Earth, it is possible that this
nonprotein amino acid is indigenous to the meteorite.
The SM meteorites also contain trace amounts of several
other nonproteinogenic amino acids that are less
commonly found in nature, including a- and b-amino-nbutyric acid (a-, and b-ABA), a-aminoisobutyric acid
(a-AIB), and e-amino-n-caproic acid (e-ACA). However,
these compounds were also detected in the soil. Although
the soil sample is not directly relevant to SM2 and SM12,
which were collected a few km from SM 51, the presence
of these amino acids in the soil from the SM51 collection
site suggests that they may be present near the recovery
sites of SM2 and SM12 as well. Because they are present
in higher abundances in the soil than in SM51, it is more
likely that these compounds were transferred from the
soil to the meteorites than from the meteorites to the soil.
In addition to a-AIB, the soil sample also contained
isovaline (Iva). These two compounds are not found in
translated proteins in biology, but do appear frequently
in fungal peptide antibiotics (Br€
uckner et al. 2009; Elsila
et al. 2011). A fungal peptide origin for these compounds
in the soil is consistent with significantly higher
abundances in the bound form, as well as the D-excesses,
as most fungal peptides contain either D-Iva exclusively
or a mix of D- and L-Iva (Elsila et al. [2011] and
references therein).
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Table 3. D/L ratios for proteinogenic amino acids in meteorite samples in this study and in the Murchison
meteorite.
Amino acid

SM2

D/ L

0.44
0.26
0.05
n.d.
0.54
<0.35

D/ L
D/ L
D/ L
D/ L
D/ L

aspartic acid
glutamic acid
serine
threonine
alanine
valine

SM12
 0.09
 0.07
 0.01
 0.47

0.26
0.17
0.02
<0.05
0.16
0.17

SM51
 0.07
 0.01
 0.01
 0.03
 0.10

Comparing Sutter’s Mill Amino Acids with Those of
Other Meteorites
Perhaps the most interesting aspect of the amino
acid analyses performed here is the generally low
abundances of amino acids in the Sutter’s Mill
meteorites that are commonly found in other CM2
carbonaceous meteorites. SM2, the least contaminated
of the SM meteorites analyzed here, contains
<10 nmol g 1 of total amino acids. In comparison, in
the CM2 meteorites Murchison and Murray over 80
amino acids have been identified with total amino acid
abundances ranging from 15 to 60 ppm (150–
600 nmol g 1 assuming an average amino acid
molecular weight of 100 g mol 1; Pizzarello et al. 2006;
Glavin et al. 2010b), many of which are not found or
are extremely rare on Earth. Similarly, Antarctic CM2s
such as Lewis Cliffs (LEW) 90500 and Lonewolf
Nunataks (LON) 94102 contain similar amino acid
distributions in abundances ranging from 90 to
160 nmol g 1 (Glavin et al. 2010b). In addition, two of
the most abundant amino acids in many CM2
chondrites, a-AIB and Iva (Glavin et al. 2006, 2010b),
are virtually absent in all of the SM meteorites analyzed
here (Fig. 1; compounds 8, 12, and 13).
While the SM meteorites experienced similar degrees
of aqueous alteration as other CM2 chondrites, a
feature that distinguishes the SM meteorites from other
CM2 chondrites is their much higher metamorphic
temperatures (150–400 °C; Jenniskens et al. 2012) within
the parent body compared with the temperatures
experienced by other CM2 chondrites, which were
typically <50 °C (Zolensky et al. 1993; Krot et al. 2006).
Most amino acids have solid-phase thermal
decomposition temperatures ranging from approximately
200 to 600 °C (Rodante 1992), and a significant fraction
(>50%) of the amino acids in the Murchison meteorite
was destroyed when heated to temperatures above 200 °C
in a laboratory experiment (Glavin and Bada 2001). We
have previously observed that parent body composition
and alteration conditions can have large effects on
both the abundances and structural distributions of
amino acids in meteorites. Nevertheless, meteorites that

0.27
0.19
0.05
<0.01
0.14
0.06

Soil
 0.04
 0.07
 0.01
 0.03
 0.02

0.24
0.26
0.08
<0.01
0.13
0.06

Murchison USNM 5453
 0.10
 0.07
 0.01
 0.05
 0.01

0.44
0.76
0.51
0.89
0.57
0.87








0.09
0.15
0.15
0.24
0.20
0.17

experienced primarily aqueous alteration (CI, CM, CR,
and CH chondrites spanning types 1–3) and those that
experienced primarily thermal metamorphism (CV, CO,
ordinary chondrites, and ureilites) have all been shown
previously to contain indigenous amino acids
(Ehrenfreund et al. 2001; Martins et al. 2007; Pizzarello
et al. 2008; Glavin et al. 2010a, 2010b; Burton et al.
2011, 2012a, 2013). Although it is difficult to estimate the
fraction of amino acids in the SM meteorites that is
indigenous, even if we ignore the potential terrestrial
contamination and assume that all of the amino acid
total for the least contaminated sample, SM2
(approximately 8 nmol g 1), is indigenous, these levels
are comparable to those observed in CV and CO
chondrites and fragments of Almahata Sitta (Burton
et al. 2011, 2012a), and an order of magnitude less than
typically observed in a CM2 chondrite.
One explanation for the apparent lack of
indigenous amino acids in the Sutter’s Mill meteorites,
then, is that the combination of aqueous alteration and
thermal metamorphism in the parent body led to the
destruction of any amino acids that may have been
originally present. This hypothesis is most recently
supported by the observation of the rapid
decomposition of n-alkyl-a-amino acids through the loss
of CO2 and NH3 by decarboxylation and deamination
when heated to temperatures above 150 °C in the
presence of water and minerals (McCollom 2013). While
further work is needed, there could be significant
implications for the survival of prebiotically relevant
compounds in a variety of hydrothermal environments
both in parent bodies and on Earth. These implications
include perhaps a further limitation of the hospitality of
thermally altered environments than has been previously
discussed (e.g., Miller and Lazcano 1995).
Isotopic Analyses of Pyrolysis Products from Bulk
Samples
We used EA-IRMS
d N isotopic ratios
comparison with our
(Jenniskens et al. 2012)
15

to measure the bulk d13C and
of the terrestrial soil for
previous EA-IRMS analyses
of the three SM samples. The
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Table 4. Stable isotope values measured for bulk SM samples and recovery site soil as well as values for
individual amino acids extracted from the soil.
Sample
Bulk
Bulk
Bulk
Bulk

Abundance C (wt%)
a

SM2 meteorite
SM12 meteoritea
SM51 meteoritea
soil

1.32
1.56
1.62
6






0.03
0.01
0.04
1

Soil amino acids
D-Ala
L-Ala
L-Ser
L-Val
L-Asp
L-Glu
Gly
b-Ala
c-ABA
a

d13C (& VPDB)
13
+2
2.8
21






1
3
0.9
3

24
20
8
6
21
17
15
27
31











2
2
9
1
1
4
4
3
3

Abundance N
397
404
405
0.4






7 ppm
29 ppm
8 ppm
0.1%

d15N (& AIR)
+16.7
0.2
+6.2
+6






0.3
0.6
0.4
1

+6
+7
3
+1
+7
+12
5
12










5
4
4
5
4
2
3
9

b

Values from Jenniskens et al. (2012).
Not measurable due to low abundance.

b

bulk isotopic compositions of the three SM samples
varied widely (Table 4). These variations may reflect
differing levels of terrestrial contamination caused by
length of exposure and differences in recovery sites. The
d13C values for all three meteorite samples were
measurably higher than those for the soil, implying the
presence of indigenous C of extraterrestrial origin,
although it may be mixed with terrestrial sources of C.
Conversely, the d15N values for SM51 are
indistinguishable within error from the values for the
soil collected from the SM51 site, suggesting that either
the predominant component of the indigenous N in the
meteorite coincidentally has the same isotopic
composition as that of the soil, or, more likely, that
terrestrial N from soil contamination has overprinted
any indigenous N signal. While other nitrogenous
compounds may be important, this conclusion is in
agreement with our finding that SM51 contains a
significant amount of N-bearing amino acids probably
of terrestrial origin as the measured value of +6& is
also well within the range of d15N values we measured
for individual amino acids in the soil (discussed in more
detail below); the measured d15N value of 0.2& for
SM12 suggests a similar interpretation. On the other
hand, the d15N value of +16.7& for SM2 implies that
there could be an indigenous N-bearing component,
although amino acids of extraterrestrial origin are
typically enriched in d15N to values of +50& or greater
(Elsila et al. [2012a] and references therein).
Isotopic Analyses of Amino Acids in Terrestrial Soil
Compound-specific stable isotope ratios have
proven invaluable in distinguishing amino acids of

extraterrestrial origin from terrestrial amino acids. This
is particularly true of amino acids in aqueously altered
types 2–3 CM and CR chondrites, which show
significant enrichment of the heavier isotopes 15N, 13C,
and D (Engel et al. 1990; Engel and Macko 1997;
Pizzarello et al. 2004, 2008; Pizzarello and Huang 2005;
Martins et al. 2007; Pizzarello and Holmes 2009; Elsila
et al. 2012a). Interpretation of these measurements from
extraterrestrial samples requires comparisons with
similar measurements of amino acids from known
terrestrial sources. Most published terrestrial stable
isotope data were acquired to address metabolic
questions and have thus focused on stable carbon
isotope ratios (d13C) for L-proteinogenic amino acids
(e.g., Scott et al. 2006). Terrestrial values for d13C for
many D-amino acids and nonproteinogenic amino acids
such as b-ALA and c-ABA, as well as amino acid
values for other isotopes including d15N are often not
available in the published literature. To that end, we
measured the d13C and d15N values of a suite of amino
acids extracted from the terrestrial soil sample
(Table 4).
It is important to note that we are analyzing an
extract of a bulk sample containing a community of
microorganisms both viable and dead, presumably in
isotopic equilibrium with the environment, rather than
analyzing individual microbial species (which may be
isotopically contaminated by the method of extraction
or via culture on nutrient media). Nevertheless, our
d13C values for L-amino acids are in good agreement
with the ranges of values obtained previously and
reflect 13C depletion that is a hallmark of terrestrial
biology (Scott et al. 2006). For Ala, the amino acid for
which we were able to measure d13C values for both
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the D- and L-enantiomer, we did not observe differences
between the enantiomers greater than our measurement
errors. We note that b-Ala and c-ABA were
isotopically lighter than the rest of the amino acids in
the soil sample, at 27 and 31&, respectively. The
presence of these two amino acids in marine sediments
is commonly attributed to bacterially mediated adecarboxylation of aspartic acid and glutamic acid,
respectively (e.g., Schroeder 1975). If this was the case
here, it would imply that fractionation of 6& to
10& was occurring during the decarboxylation. It
appears unlikely that this is the only source of b-Ala
(at least), however, because the d15N values for aspartic
acid and b-Ala are different outside of measurement
error. The d15N for the amino acids from the soil
ranged from 12 to +12&, well below accepted d15N
values for amino acids of extraterrestrial origin
(Pizzarello et al. 1994; Engel and Macko 1997;
Pizzarello and Holmes 2009; Elsila et al. 2012a). As
with the d13C measurements, the d15N values for D- and
L-Ala were essentially the same, well within the
measurement errors. While these measurements are by
no means comprehensive, they provide previously
unavailable reference values for d15N ratios in a suite
of proteinogenic and nonproteinogenic amino acids of
terrestrial origin, and d13C ratios previously unavailable
for nonproteinogenic, terrestrial amino acids.
CONCLUSION
We analyzed three individual fragments of the
Sutter’s Mill meteorite, one collected prior to a heavy
rainfall (SM2) and two collected after (SM12 and
SM51). All three samples experienced some degree of
terrestrial contamination as evidenced by the presence of
high amounts of L-proteinogenic amino acids relative to
their D-counterparts. There are a number of factors that
contribute to the extent of terrestrial contamination,
including the abundance of biota at the landing site,
time in the field, weather, handling procedures during
collection and storage, and storage conditions. However,
as the indigenous abundances of amino acids are low,
the amino acid homogeneity of the parent body is
unknown, and the samples were collected from different
locations by different people, it is difficult to assess the
absolute contributions of each factor to the SM
meteorites. From a qualitative standpoint, the amino
acid evidence presented here is consistent with an
increase in contamination from the prerain meteorite
to the postrain meteorites (SM2 versus SM12 and
SM51), and an increase in amino acid contamination
corresponding to handling, collection, and storage
procedures (SM2 and SM12 versus SM51). It is now
clear that even a freshly fallen meteorite, such as the SM
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meteorites, rapidly accretes amino acid contamination
after a fall, similar to what was observed previously for
the Martian meteorite Nakhla (Glavin et al. 1999).
Several of the factors related to organic contamination
are often not within our control (meteorite fall location,
time in the field, weather). Thus, to minimize organic
contamination in future meteorite recovery efforts, it will
be important to make efforts to minimize contamination
during recovery and storage. Specific practices that have
been shown to be effective are: limiting the handling,
even in gloves, of the meteorite stones themselves;
collecting and storing the meteorites in materials that are
relatively free of organic contamination such as
aluminum foil, ideally folded to keep the surface that
will contact the meteorite free from contamination and
sterilized by heating at 500 °C for several hours; and
minimizing the exposure of the sample to moisture by
storing it with a desiccant, preferably inorganic. Finally,
collecting a terrestrial sample from the recovery site in
the same manner as the meteorite was collected provides
an appropriate reference sample that can be invaluable
in providing context for future results.
None of the three meteorites contained appreciable
levels of the extraterrestrial, nonproteinogenic amino
acids that are commonly observed in CM2 chondrites,
such as isovaline and a-aminoisobutyric acid. However,
the presence of trace levels of the unusual nonprotein
amino acid b-AIB and the relatively high abundances of
free glycine and b-alanine found in Sutter’s Mill
compared with the terrestrial soil sample suggest that
there could be low levels of indigenous amino acids in
this meteorite. The Sutter’s Mill meteorite fragments
analyzed in this study are distinct from other CM2
carbonaceous chondrites in that they have experienced
both aqueous alteration and thermal metamorphism,
and recent research has shown that this combination of
conditions in the presence of minerals leads to the rapid
degradation of amino acids. This finding has
implications for origins-of-life scenarios that rely on
hydrothermal conditions.
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